Tropomyosins consist of nearly 100%o a-helix and assemble into parallel and in-register coiled-coil dimers. In vitro it has been established that nonmuscle as well as native muscle tropomyosins can form homodimers. However, a mixture of muscle a and f3 tropomyosin subunits results in the formation of the thermodynamically more stable a/13 heterodimer. Although the assembly preference of the muscle tropomyosin heterodimer can be understood thermodynamically, the presence of multiple tropomyosin isoforms expressed in nonmuscle cells points toward a more complex principle for determining dimer formation. We have investigated the dimerization of rat tropomyosins in living cells by the use of epitope tagging with a 16-aa sequence of the influenza hemagglutinin. Employing transfection and immunoprecipitation techniques, we have analyzed the dimers formed by muscle and nonmuscle tropomyosins in rat fibroblasts. We demonstrate that the information for homo-versus heterodimerization is contained within the tropomyosin molecule itself and that the information for the selectivity is conferred by the alternatively spliced exons. These results have important implications for models of the regulation of cytoskeletal dynamics.
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Tropomyosins (TMs) are a family of actin filament-binding proteins that are among the major components of the thin filaments of striated and smooth muscle and the microfilaments of nonmuscle cells (1) . Although TMs are expressed in all cells, different isoforms of the protein are characteristic of specific cell types. Isoform diversity of TMs in vertebrate cells is generated by a combination of four genes, multiple promoters, and alternative splicing mechanisms (2) (3) (4) . We are just beginning to understand the relationship of TM isoform expression and function (5) , and although a large number of TM isoforms have been identified, the specific function of these isoforms in different cell types remains to be determined.
The TM subunits consist of nearly 100% a-helix, and two chains assemble into parallel and in-register coiled-coil dimers (6, 7) . TM functions as a dimer and isoform diversity allows a variety of different dimers to be formed. One of the key questions in the understanding of TM function is what mechanisms are responsible for the regulation of the assembly of homo-and heterodimers and whether cell type-specific factors are involved in this process. Rat heterodimers (8) (9) (10) . By contrast, studies of TMs from fibroblasts demonstrate that these isoforms exist as homodimers (11, 12) , suggesting a more complex principle for determining the formation and stabilization of a specific and functional dimer. Because specificity is determined additionally by the relative thermodynamic stability of all possible proteinprotein interactions, understanding this process requires identification of the forces that stabilize preferentially the favored complex as well as forces that destabilize the incorrect one (13) . Several groups have addressed the question of homoversus heterodimer formation, using purified muscle (10, 14, 15) or nonmuscle (11, 12) TMs. However, all of these approaches required either denaturation (10, 14) or chemical stabilization (11, 12, 16) of the TM chains. Thus, these approaches might not identify the possible involvement of cellular factors in the selective formation of TM dimers. This type of assay also seemed not to be suitable for identifying the state and composition of the TM dimers prior to the chemical and thermal treatment. In addition, isoform-specific antibodies are not available for all the isoforms expressed in a single nonmuscle cell, thereby hindering the ability to recover specific TMs in order to identify the subunits present in a given dimer.
In the present study we have used living cells as a system to generate TMs containing the correct set of posttranslational modifications essential for the correct function of TM (17) (18) (19) (20) (21) (22) (23) (24) . We investigated the dimerization of TMs in cultured cells by epitope tagging with a 16-aa sequence of influenza hemagglutinin (HA-tag) (25, 26) to allow the identification of the native composition of TM homo-and heterodimers. We used immunoprecipitation from extracts of transiently transfected REF 52 cells at low temperature, where chain exchange is minimized (14) , to analyze the composition of the dimers. We demonstrate that the information for homo-versus heterodimerization is contained within the TM molecule itself and that the information for the selectivity is conferred by the alternatively spliced exons.
EXPERIMENTAL PROCEDURES
Construction of Transfection Plasmids. All TM constructs were cloned in-frame between Xba I and BamHI sites in the pCGN expression vector (27) with TM-specific antibodies (30) . Thus, the tag sequence at the amino terminus did not interfere with the ability of the TMs to associate with F-actin bundles. The HA-tagged TMs were also expressed in and purified from Escherichia coli and were found to cosediment with F-actin in an in vitro cosedimentation assay with rabbit skeletal muscle F-actin (data not shown). This result is consistent with previous studies demonstrating that wild-type recombinant TM was incorporated into stress fibers whether it was unacetylated (30, 31) or blocked by an 80-residue amino-terminal fusion (31) (Fig. 4C) . respectively (see Fig. IB) , it was possible that these alternatively spliced exons were critical for the selective formation of homo-versus heterodimers. When tagged smooth muscle a-TM or skeletal muscle a-TM isoforms were cotransfected with untagged HMW nonmuscle TM isoforms, the formation of heterodimer was predominant (Fig. 5 A and B) . Similarly, skeletal muscle (3-TM formed heterodimers with TM1, TM2, (Fig. 5 A and B) . Thus, the muscle isoforms were capable of shifting the dimer equilibrium in the direction of the heterodimer. The selectivity of the dimer formation was further indicated by the results obtained with combinations of HMW and LMW TM isoforms. Tagged smooth muscle a-TM,  skeletal muscle }3-TM, or nonmuscle TM2 failed to form stable  heterodimers with cotransfected LMW nonmuscle (34) . In a CD study of Rana esculenta a/( TM, two major helix-coil transitions were observed which have been interpreted as the unfolding of independent domains (34). Ishii et al. (35, 36) (1995) close together for local unfolding while they are separated for global unfolding. The conformation of the local unfolded region and the mechanism of the local unfolding of TM remained unsolved, however.
Whereas rat muscle cells express only one (cardiac) or two (smooth and skeletal) isoforms of TM, up to seven different TMs are present in a single rat fibroblast (refs. 4 and 30; W. Guo and D.M.H., unpublished work). We have shown that the presence of the amino-terminally tagged transfected muscle isoforms in a nonmuscle cell leads to the formation of heterodimers between endogenous and exogenous HMW nonmuscle TMs. Muscle-specific factors cannot be involved in the process of the formation (or stabilization) of heterodimers since this process is taking place in a cultured nonmuscle cell. Nonmuscle-specific factors were also not effective in maintaining the homodimeric state of the endogenous nonmuscle TMs in the presence of the transfected muscle isoforms.
Different TM isoforms differ in binding to troponin T, the formation of head-to-tail overlaps, and their affinity for Factin (reviewed in refs. 3 and 4) . A relationship between alternatively spliced exons and functional domains in TMs was found by investigating the influence of exons 2a/b and 9a/d of the smooth and striated a-TMs (5) . Although the presence of exon 9a was correlated with Ca2+-insensitive binding to troponin and the presence of exon 2a was correlated with changes in actin affinity, the individual exons were not recognizable as individual structural domains (5) . Expression of chimeric TMs in fibroblasts recently indicated that a coordination between the amino-and carboxyl-terminal regions is required for normal TM function (37) . Our data support this latter assumption and suggest that coordination between several domains in TMs is responsible for the formation of functionally relevant TM dimers. Exons 3-5, 7, and 8 are common to all TMs and appear from our studies to be insufficient to warrant stable dimerization per se, since stable heterodimers between LMW and HMW TMs were not observed under our assay conditions. Whether or not changes in the sequences of these conserved domains could lead to perturbation of the dimeric interactions of TM subunits is unknown. Additionally, it will be interesting to determine the influence of exon lb (used in the 248-aa subunits of TM4, TM5, TM5a, and TM5b) on the dimerization properties of the LMW isoforms.
The functional significance of expressing a multitude of TM isoforms in nonmuscle cells and maintaining them as homodimers remains to be determined. The higher actin-binding ability of strongly head-to-tail overlapping heterodimers of smooth muscle a and ,B TM subunits in chicken gizzard might reflect the necessity to maintain stable association with the muscle thin filament throughout the entire length of the actin filament. For chicken gizzard TM, the heterodimer exhibits a greater ability to bind cooperatively to F-actin, due to its stronger head-to-tail overlap as compared with the a/a and f3/j3 homodimers. It has also been suggested that the TM heterodimers represent a more flexible structure than their homodimeric counterparts (38) . A higher end-to-end association of TM heterodimers in smooth muscle cells could lead to the formation of elongated TM polymers, which could reflect the requirement for a higher degree of flexibility to accommodate the structural changes in the F-actin filament during contraction and relaxation cycles (38) . In contrast, a reduced ability of the homodimers to associate head-to-tail could be a necessary determinant for the more dynamic regulation of the actin cytoskeleton in nonmuscle cells.
